Background Cross-sectional genetic association studies are now widely employed to look for genes which confer longevity. Such studies are based on two assumptions; (a) initial relative allele frequencies in the different age cohorts are similar, and (b) the risk of mortality conferred by genotypes does not depend on year of birth.
case-control designs have been used to identify differences in genotypes or allele frequencies of elderly compared with younger populations. 3, 4 Centenarians are typically studied, as these represent survivors, who may lack disease susceptibility genes and genes associated with premature mortality. However, specific methodological problems are inherent in studies comparing populations across time periods, which although alluded to in several reviews, have not been adequately addressed in study designs to date. We argue that previous claims resulting from these studies may be flawed because they are based on the following assumptions: (a) initial relative allele frequencies in the different age groups are similar, and (b) the risk of mortality conferred by genotype does not depend on year of birth.
Further, due to secular trends in common disease incidence and changes in patterns of exposure to environmental risk factors such as smoking, genetic associations found in such Twin studies of longevity suggest that around 25% of the variation in lifespan in developed countries may be inherited. 1 Understanding the heritability and consequently the biological processes involved in ageing and longevity is one of the greatest scientific challenges of our time. In the post genomic era and with large DNA resources becoming available within epidemiological studies, we are better placed than ever before to begin to unravel this complex problem.
Epidemiological studies are widely used to look for genes conferring risk to common multifactorial diseases by comparing genotype distributions in cases and controls. 2 More recently studies are unlikely to contribute to a blueprint for future longevity, unless improvements are made to the methodology used. An indication of the type of changes needed is provided in the concluding section of this paper.
Approaches to studying the genetics of ageing Centenarians are quite rare and linkage studies require a relatively large number of long-lived sib pairs together with DNA from sibs who died early to avoid acertainment bias. Ideally DNA would also be available from more than one generation. Genetic association studies are therefore more feasible, and are becoming widely used to look for genes which are important in longevity. 5, 6 It is likely that many genes contribute to longevity. Candidate genes can be selected from either: (1) those genes implicated in general processes of cellular maintenance and repair, such as superoxide dismutase 2 (SOD2), which is involved in the scavenging of reactive oxygen species and apoptosis; or (2) genes which confer an increased susceptibility to age-related diseases such as apolipoprotein E (APOE), a gene involved in lipoprotein metabolism and a proposed risk factor for coronary heart disease (CHD) and Alzheimers disease. 7, 8 Since most genetic studies of longevity to date have been of the second type, this paper will focus on studies of disease-risk genes.
Initial gene frequencies in the age cohorts represented in a longevity study are likely to be different and not necessarily represented by frequencies in the younger/control population Population stratification Genetic association studies have received a large amount of negative press recently, mainly due to the lack of repeatability of results and the opportunity for spurious results. 2, [9] [10] [11] [12] One reason for these problems is population stratification and this phenomenon is pertinent to studies of longevity. Whilst genuine differences between elderly cohorts and younger individuals may exist due to the role of genes in longevity, artefactual results of genetic effects may also arise due to variations in initial relative allele frequency between the two comparison groups, as a result of population admixture. Although novel mutations are infrequent and diffuse slowly, because the interval between human generations is long, the gene pool of a given population can change considerably in a relatively short period as a result of geographical mobility, ethnic admixing, and selective mating. 10 
Migration
If we take Britain as an example, over the last 100 years there has been mass emigration to the USA, South Africa, Australia, and New Zealand, coupled with an influx of individuals from India, Pakistan, Bangladesh, China, the Caribbean and Africa. More recently migration between countries in Europe has become common as a result of constitutional rights established within the European Union. The scale of movement is substantial. Of respondents to the decennial census in England, 13% of the population of England gave their ethnic origin as other than white British in the 2001, compared with 11% in 1991: an increase of 18% in 10 years. 13 Since migration among young adults tends to be for work or education, net inflows are often concentrated in cities, where genetic association studies may be based. In England the highest levels of in-flow are in the South East. 14 In central London 25.3% of residents classified themselves as white but not British or Irish in the 2001 census. 13 Whilst genetic association studies usually collect data on ethnic group, they rarely distinguish between Caucasians and hence group together individuals with different countries and regions of origin.
Migration within countries, so that individuals are better placed for work and health care may also have played a role in population mixing over the last century. Movement between regions can result in changes in the genetic structure of regional populations. Approximately 20% of individuals born in England, Scotland and Wales during 3-9 March 1958 resided in a different region in 1981 to that of their birth; this resulted in a reduction in interregional variability in ABO blood groups. 15 Migration patterns differ widely between countries and time periods, so the scale of problem will depend on the study population.
The risk of mortality conferred by genotypes does depend on the birth year of the cohort
Secular trends in disease risk
Migration from different gene pools may change genetic risk within a given population and influence mortality rates over time periods of the order of decades. By addressing the first assumption we are in effect also addressing this dynamic. Aside from changes in population genetic structure, environmental risk factors for disease have changed considerably during the last 100 years and two populations who were born only a few decades apart are likely to have been exposed to a very different pattern of stressors. For this reason such populations will have different susceptibilities to disease regardless of genotype. Environmental risk factors are unlikely to change the population distribution of genetic variants; unless they offer strong selection against a particular allele in childhood and reproductive years. Therefore secular trends in genetic susceptibility to diseases of the elderly are not confounded by environment, but rather the environment acts as an effect modifier.
Life expectancy doubled in the first half of the 20th century, largely due to a reduction in malnutrition and childhood infection. Chronic diseases such as heart disease and cancer, which occur later in life, then became the major causes of death in developed countries. 16 This shift in causes of mortality (the epidemiological transition) occurred over a relatively short period. It has been suggested that the rise in CHD and cancer incidence in Western countries is a consequence of ageing populations. However, the increase in rates of mortality from cancer which took place among men in Britain from 1921 to 1960 can be largely attributed to lung cancer, for which smoking is the main environmental cause. 17 Levels of smoking in Britain reached a peak in the 1960s, followed by a steady decline, although approximately 30% of the adult population continue to smoke (Figure 1 ) 16 . Similarly, national CHD mortality rates rose and fell during the past century. Deaths from CHD reached a peak in many westernized countries in the 1970s and are now declining (Figure 2 ). 18 Hence disease risks have changed over time, because levels of exposure to major environmental causes have changed.
Smoking, nutrition, physical activity, sexual behaviour, poverty, occupation, stress, education, social contacts, health care, pollution, war, and infectious disease are all factors which play a part in disease risk and longevity at the individual or societal level. Patterns of availability and exposure to many of them have changed enormously, with secular socio-economic and cultural trends, over the last 100 years, as we have seen in the case of smoking. Treatment for disease may also have an impact on mortality rates and will depend on the disease and the year that it is contracted.
APOE and longevity
Possibly the most extensively studied gene in relation to longevity is APOE. The protein encoded by this gene is a ligand for the low density lipoprotein (LDL) receptor, other receptors in the LDL receptor gene family, and cell matrix-associated heparin sulphate proteoglycans. The gene plays an important role in lipoprotein metabolism, and has been shown to be associated with CHD risk. 7, 19 Three common polymorphic forms of APOE are known to exist: ε2, ε3, and ε4. The various APOE isoforms produced as a result of this polymorphism interact differently with specific lipoprotein receptors, ultimately altering circulating levels of cholesterol. High LDL cholesterol levels are associated with APOE ε4 and low levels with APOE ε2, with APOE ε3 levels being intermediate between the two. 19 The APOE ε4 allele has also been associated with an increase in the risk of Alzheimer's disease. 8 Although the mechanism is not entirely clear, this association could be due to: (1) effects on amyloid-␤ metabolism, (2) effects on neurons or glial cells, including neuronal survival and neurite extension, or (3) effects related to atherosclerosis, cerebral blood flow, or the blood-brain barrier. 19 Since CHD and Alzheimer's disease are common disease of old age, APOE has become a candidate gene for studies of longevity. Several studies comparing APOE genotypes in elderly versus younger populations have been carried out [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] and an overview of the literature by Gerdes et al. 28 found APOE ε4 to be associated with premature death.
To determine how inaccurate assumptions of initial APOE allele frequencies among elderly populations may influence the outcome of gene association studies, and whether any increased risk of mortality conferred by the APOE gene depends on year of birth, and to determine whether published studies have addressed these problems, we carried out a review of all studies comparing APOE allele frequencies in elderly versus younger populations.
Methods

Search strategy and selection criteria
Papers published prior to the end of April 2003 were identified through a search of Medline (www.ncbi.nlm.nih.gov), using the following search terms: 'longevity' or 'centenarian' or 'aging' or 'ageing' and 'apolipoprotein E' or 'APO E' or 'APOE'. Publications were also identified by review of the bibliographies of retrieved articles. Studies were included if there was a control group from the same country, and where the elderly group was at least 80 years old. There were no restrictions on publications based on health of participants. Where results from the same study population were published more than once, the most recent report was used. Only studies published in English, or with an abstract in English were included.
Statistical methods
Unadjusted odds ratios (OR) were based on published allele frequencies and were calculated, as the proportion of ε2 alleles and ε4 alleles, in elderly versus control populations using relative ε3 allele frequencies as a reference. The effect of the APOE allele has been shown to be dependent upon genotype. 35, 36 However, the expected relative frequency of ε2ε2 and ε4ε4 homozygotes is low, around 1% and 2.5% respectively and stable estimates of the effect of these Relative frequencies of ε2ε2 and ε4ε4 homozygotes were not available in 3 of the 15 studies reviewed here. 24, 29, 32 Most studies compare allele frequencies, or combine ε2ε2 homozygotes with ε3ε2 heterozygotes and combine ε4ε4 homozygotes with ε3ε4 heterozygotes to give estimates for ε2 carriers versus ε3ε3 homozygotes and ε4 carriers versus ε3ε3 homozygotes. In using allele frequencies we have weighted the effect size by genotype frequency. However, an analysis by genotype instead of allele frequency gave similar results (not shown).
Random effects models were used to calculate summary OR and standard errors. Three studies provided genotype/allele frequencies for more than one age group in their control population; 22, 23, 27 data from the different age groups in these studies was combined to give an overall estimate for age less than 80. Combined relative risks for males and females were presented. Forest plots were constructed with logarithmic scales. To assess the association between the frequency of the ε2 and ε4 alleles in the control group and the log OR of allele frequency in elderly populations versus controls, we used a Bayesian random-effects meta-regression model fitted using BUGS (WinBUGS 1.4, www.mrc-bsu.cam.ac.uk/bugs). 37 This avoids the bias that can be caused by the association between allele frequency and the OR that arises due to sampling error. All other statistical analysis was carried out in STATA version 8 (STATA corporation, Texas). Tests for funnel-plot asymmetry 38, 39 were used to investigate publication bias. Studies were grouped by geographical location: North America included studies from USA and Canada; Asia included studies from China, Japan, and Korea; Northern Europe included Finland, Denmark, and the UK; Central Europe included only France, and Southern Europe included Italy.
Results
Fifteen studies that met the inclusion criteria and characteristics of these studies are summarized in Table 1 . The first study was carried out in Canada, one study was carried in the USA, four in Asia, and the remaining nine in Europe. OR in elderly versus control populations ranged from 0.56 (95% CI: 0.23, 1.39) to 2.44 (95% CI: 1.18, 5.06) for the presence of the ε2 allele, and 0.32 (95% CI: 0.10, 1.01) to 2.12 (95% CI: 0.79, 5.66) for the presence of the ε4 allele. The summary effect estimate was 1.34 (95% CI: 1.19, 1.35) for the presence of the ε2 allele and 0.54 (95% CI: 0.46, 0.63) for the presence of the ε4 allele in elderly versus younger individuals.
Large differences in relative APOE allele frequencies existed between control populations for ε2 (4-10%) and ε4 (4-21%). There were regional variations in APOE allele frequencies with high relative APOE ε4 in Northern Europe (15-21%), intermediate frequencies in Central Europe (11-13%), Asia (8-13%) and North America (12-15%), and low frequencies in Southern Europe (4-6%). In elderly people the ε4 allele frequencies converged to be more homogeneous (2-12%). Despite these differences, only 2 out of 15 studies reportedly matched on geographic origin and only one study matched on ethnicity. A meta-analysis including only these studies, gave a result closer to the null (RR = 0.74, 95% CI: 0.34, 1.56) for the presence of ε4 in elderly versus younger populations. A further four studies stated that controls were of the same nationality, 21, 23, 27, 31 although this does not necessarily exclude migrants particularly second generation migrants.
The regression coefficient for the association between log odds of ε4 in the control group and the log OR of ε4 allele frequency in elderly versus controls was Ϫ0.45 (95% CI: Ϫ0.89, 0.00), providing some evidence of an association between the two. In a Finnish study 23 where the frequency of the ε4 allele was 20% an OR of 0.37 (95% CI: 0.25, 0.54) was obtained, whereas in an Italian study 26 where the ε4 frequency was 4% the OR was 2.12 (95% CI: 0.79, 5.66). There was not a significant association between ε2 effect size and relative ε2 allele frequencies in the control group (␤ = Ϫ0.44, 95% CI:Ϫ1.07, 0.17).
A meta-analysis considering only studies of centenarians gave a point estimate of 1.50 (95% CI: 1.27, 1.78) for ε2 and 0.49 (95% CI: 0.41, 0.58) for ε4 frequency among centenarians versus controls.
On the whole approaches for validating laboratory results were not stated in the papers. Although Blanche et al. 30 reported re-genotyping the 1994 cohort published by Schachter (1994), 21 finding a discordance rate of 5.8%. A Begg's funnel plot ( Figure 5 ) and an Egger's test of standardized effect versus precision did not provide evidence for publication bias (P = 0.40 Eggers and P = 0.66 Beggs). 38, 39 
Discussion
We have reviewed 15 cross-sectional studies of APOE polymorphisms and longevity to determine whether two key methodological assumptions have been addressed. The studies provide direct evidence that size of the genetic effect of interest is sensitive to the relative allele frequency among controls, and that relative APOE ε4 allele frequency exhibits wide variation between and within proximate populations. Our inference is that initial allele frequencies are likely to differ between the age cohorts from which the compared groups are drawn, and that assumption (a) is generally invalid. Further, the biology and epidemiology of presumed APOE-related diseases, in particular the great variation in coronary death rates by time and place, provides indirect evidence that the mortality risk conferred by APOE genotype depends on interaction with environmental and behavioural risk factors over the life course. The pattern of these exposures is closely related to the year of birth, and thus assumption (b) is likely to be invalid when gene-environment interaction is important, as is the case for APOE.
Since genetic studies of common polygenic disease are a recent phenomenon it is impossible to determine directly whether initial allele frequencies in elderly individuals are represented by younger controls and similarly whether any risk of mortality associated with common genetic variants depends on year of birth. However, in the case of APOE ε4 it is clear that allele frequencies differ widely by population, even among neighbouring countries and between geographically separated populations within the same country, for example between Lapps and Finns. 40 While migration patterns differ by country, there has been substantial internal and international migration in many countries within the last 100 years. 41 These factors are likely to have produced differences in APOE allele frequency by age group within a given geographical area over recent decades. Migration is particularly prevalent among younger populations and in large university cities, 14 where most of these studies were carried out. Whilst almost all studies showed that there was a deficit of APOE ε4 alleles in elderly versus younger populations, heterogeneity in effect size remained, even when populations were stratified by region. We are able to make inferences based on the biology and epidemiology of APOE which suggests that assumption (b) is invalid, and that any longevity effect may be subject to modification over periods of years or decades, corresponding to the age difference between elderly and control groups. APOE plays an important role in lipoprotein metabolism, therefore APOE genotype is one influence on the health effects of dietary fat intake. APOE is associated with CHD risk, and this is one mechanism proposed to explain the association of APOE with longevity. In the last 30 years CHD mortality has decreased substantially in many countries (Figure 2 ). Factors underlying Figure 5 Begg's funnel plot of cross-sectional studies of APOE ε4 allele and longevity this decrease include changes in diet, smoking, and treatments for CHD. In the studies reviewed here the size of APOE ε4 effect differed by population, providing further evidence that ε4 effects are context dependant.
There appeared to be an association between ε4 allele frequency in controls and the effect of ε4 on longevity. Sampling variation is an important potential explanation. If by chance the estimated ε4 prevalence is above the true prevalence, the former will tend to be high within the distribution and the effect size will tend to be extreme, due to regression to the mean. However, relative APOE ε4 allele frequency is known to vary by population and the studies reviewed here are not anomalous in this respect. Among Europeans relative APOE ε4 frequencies exhibit a North to South cline. 42 Accordingly, high relative APOE ε4 allele frequencies were observed in studies with Northern European participants (15-21%) and low frequencies in Southern European studies (4-6%). Furthermore, the Bayesian approach, which was used to calculate the association between control allele frequency and effect size, avoids the bias that can arise due to sampling error.
It remains unclear whether sampling a younger control population produces valid estimates of initial allele frequencies in the corresponding elderly population. Migration and population substructure may confound such studies. If relative allele frequencies in control populations overestimate the initial relative allele frequencies in the elderly group a spurious estimate of the longevity effect will be obtained. Migration is likely to change relative allele frequencies substantially when the source and recipient populations have very different allele frequencies. Because changes in allele frequency in the short term are a function of the difference in frequency and migration rate, large differences can be seen in just one generation. 43 Net immigration from regions with relatively high allele frequency will overestimate the decrease in ε4 in the elderly relative to controls. Conversely net immigration from areas with relatively low allele frequency will underestimate the difference. For example in the Canadian study 20 the relative APOE ε4 allele frequency in the control group was 15.2%. If this represents the allele frequency in the elderly population at birth, 0.53 (95% CI: 0.32, 0.88) is a good estimate for the link between APOE ε4 and longevity. However, 19% of current Canadian residents were not born in Canada. 41 If migrants came from countries with relatively high allele frequencies of 31% as reported among Lapps, 44 migration would result in an overestimation of the real initial relative allele frequency 11.5% and the true ε4 effect will be closer to the null 0.76 (95% CI: 0.44, 1.30). Alternatively, if migrants came from countries or areas of low APOE ε4 frequency (frequencies of 5% have been reported in Sardinians) 45 the real initial frequency would have been higher at around 17.6% and the ε4 effect will be around 0.45 (95% CI: 0.27, 0.72). This simple example of international migration occurring within one generation does not take account of second generation migrants born in Canada or internal migration. While it involves somewhat unrealistic assumptions about migration patterns, the example does offer some insight into how migration may influence results from genetic association studies of longevity.
Only 3 out of the 15 studies matched on ethnicity and/or place of birth. The remaining studies assumed a static population and an identical gene pool for elderly and younger age groups. A meta-analysis including only studies matching on origin or ethnicity, gave a result closer to the null, consistent with an artefactual explanation for the studies failing to take account of genetic heterogeneity. The remaining studies effectively assumed a static population and an identical gene pool for elderly and younger age groups.
A further explanation for the apparent association between ε4 prevalence and magnitude of ε4 effect on longevity is that the impact is greater in populations with a higher underlying risk of CHD. International comparisons suggest that APOE ε4 allele frequency may explain some of the geographical variation in CHD risk. 46 In Japan (a low CHD risk population) the ratio for relative ε4 frequency in elderly versus younger populations is 0.78 (95% CI: 0.39, 1.58), 25 whereas in Finland (a high CHD risk population) this ratio was found to be 0.43 (95% CI: 0.26, 0.73) 22 and 0.37 (95% CI: 0.25, 0.54). 23 The difference in CHD risk between Japan and Finland could be due to genetic susceptibility or environmental factors, but more likely a combination of both. For example, in Northern Europe high APOE ε4 relative allele frequencies have historically been accompanied by high levels of saturated fat intake.
The influence of genetic variation on longevity is a priori an important research question. Proponents of genetic epidemiology argue that 'predicting multifactorial disease outcomes without consideration of epigenetic networks is increasingly seen as naïve'. 47 The implication for methodology is that the genetic dimension should be included in risk factor models of chronic disease, and, by extension, of longevity. The papers reviewed here focus on a single, genetic effect (the main effect of APOE on longevity) and represent early attempts to develop a genetic perspective in a field that has been dominated by environmental explanations. For example, we know that environment, in the broad sense, including behavioural factors, is essential in understanding time trends in both CHD rates (Figure 2 ) and longevity. What is not known is whether single common genetic variations, such as the APOE polymorphism, are important factors that add to the explanation provided by conventional environmental risk factors. Studies of APOE and longevity reviewed here, which consistently showed an effect of ε2 and ε4 alleles on longevity, suggest that APOE may have a part to play. However, analyses taking simultaneous account of genetic and environmental factors are needed to address this question.
Conclusion
Our review leads us to the following conclusions in relation to the validity of assumptions (a) and (b) Assumption (a) Initial relative allele frequencies in the different age groups are similar This assumption may not hold when there is considerable variation in allele frequencies by population, and when migration has resulted in changes in population substructure.
Assumption (b) The risk of mortality conferred by genotype does not depend on year of birth.
This assumption may be invalid when mortality risk conferred by a genotype depends on interaction with environmental or behavioural risk factors, and when the pattern of exposure to such risk factors is closely related to year of birth.
Whilst the studies reviewed here do provide some evidence of a link between APOE and longevity, the problem is that the size of effect depends on the population in question and probably also the time period that the study spans. The link between the size of APOE effect and relative allele frequency seen in this review is likely to be a result of population differences in underlying disease susceptibility or changes in population structure over time and illustrates the impact of violating the above assumptions.
Future case-control type studies could be improved by at least including comprehensive data on birth origins and exposure to potential confounding factors. It is also possible to address concerns about population stratification in case-control studies, by carrying out genome analysis using methods such as genomic control and structured association. 48 Cohort studies are not subject to the above assumptions, and hence are preferable to a cross-sectional design. Participants can be selected and followed up over a given time period, during which they will be subject to the same age-related mortality rate. The cohort studies carried out to date, which have looked at APOE and longevity, tend to have short follow-up periods (typically 5 years), [49] [50] [51] [52] [53] [54] [55] [56] hence they only provide a snapshot of overall survival. These studies have reported mixed results, with some documenting null findings for APOE ε4 and longevity, 50, 51 and others showing negative associations in subgroups only. [54] [55] [56] To address this question adequately cohort studies, ideally birth cohorts, with a long follow-up are required.
